A multi-layer electromagnetic model based on wave approach, Strong Fluctuation Theory and fluctuation-dissipation theorem was employed to investigate the microwave emission features of Antarctica ice sheet at DOME C. The inputs to the electromagnetic model were derived from a glaciological model describing the firn properties (density, mean grain size and temperature) as a function of depth. Obtained results were compared with space-borne observations, and a sensitivity analysis was performed. Lastly, L-band brightness temperature was computed, as a function of the observation angle and of the day of the year. The latter simulation pointed out the high stability of the low frequency emission.
Introduction
Antarctica is one of the most interesting and challenging natural laboratory of the Earth, playing a fundamental role in hydrological and meteorological cycles. It has an area of approximately 14 million sq km almost completely covered by ice and snow. The air temperature varies from -10 °C to -80 °C throughout the year. In addition, Antarctica contains about 90 per cent of the world's ice (the average thickness is approximately 2100 m with a maximum up to 4500 m). The DOME C, located at 75°06'06''S ° and 123°23'42''E on the polar plateau of East Antarctica with an altitude of 3280 m a.s.l., is one of the coldest and highest place on Earth with its -50.4 °C of average temperature. This location is spatially homogeneous, with small surface slopes. The mean accumulation rate is about 3.7 cm/year and the mean wind speed is 2.7 m/s. Recent studies have shown that DOME C ice is one of the oldest ice of the planet: indeed the ice down to 800 meters below the surface is about 45000 years old. In addition to the interests related to climatic changes, and to glaciological and hydrological applications, there is a growing interest of the microwave remote sensing community for this zone because the size, structure, spatial homogeneity and temporal thermal stability of this area makes it a good candidate for external calibration and data validation of satellite-borne microwave radiometers, such as SMOS (Soil Moisture and Ocean Salinity). The purpose of this research was to investigate the microwave emission features of the Dome C ice sheet by using simulations obtained with a coherent electromagnetic model. The simulated brightness temperatures were compared with those ones measured by the satellite Scanning Multi-frequency Microwave Radiometer SMMR and the Special Sensor Microwave Imager SSMI and a sensitivity analysis was performed.
The electromagnetic model
Behind being an important tool for interpreting experimental data, modelling represents an attractive approach to infer radiometric properties of ice in those regions where the extreme environment conditions make it difficult to perform local measurement for long time. A coherent electromagnetic multi-layer model, based on the strong fluctuation theory (SFT) and wave approach (WA), was implemented and used to simulate the brightness temperature of snow pack in DOME C. The Microwave Model Emission Snow IFAC -Multi-layer Coherent (MIMESI-MC) computes the effective permittivity of each single layer by means of the SFT and simulates the brightness temperature Tb of the whole medium by computing the amplitudes of the fields and employing the fluctuation dissipation theorem. In MIMESI_MC the reflection and transmission wave amplitudes were computed for a layered medium by using the wave approach [1] . The brightness temperature observed at an angle was obtained through the following steps: the number of layers and the thickness of the single layers in which the medium had been divided were given as inputs along with the frequency, observation angle, surface temperature and correlation length (related to the ice particle size in the snow-pack). The fractional volume, temperature and correlation length at different depths were computed employing the formulas obtained with the glaciological model [2] . The permittivity of ice was computed at each single layer as a function of frequency and temperature by employing the formula proposed by Hufford [3] .
A critical aspect for modeling the radiometric response of the DOME C snow was the definition of the parameters used as inputs for the electromagnetic model. Many experimental campaigns have been carried out and are planned to study the Dome C region. The data provided by these experiments were and will be fundamental to express firn properties, such as grain size, density and temperature, of each layer in which the medium was divided. The principal characteristics of these parameters are hereafter summarized:
Grain size: The size and distribution of grains, as well as their shapes and topological characteristics are factors that strongly influence microwave emission from snow and firn [4, 5, 6] . As for many crystalline materials at relatively high temperature, polar ice experiences grain growth through time [7, 8, 9] . This is sometimes expressed as a parabolic growth law for the mean grain "size" d 2 which can be expressed as a function of the depth (z) by considering the mean accumulation rate:
where d 0 is the initial mean cross-sectional dimension and K a constant.
Fractional volume:
As for grain size, density is another factor influencing microwave emission of snow. In general, firn density ρ(z) can be assumed to increase exponentially with depth as expressed in [4, 9] , on the other hand, in [9] Barnes suggested for the same relationship the following formula: where Tm and Ta are, respectively, the mean annual temperature and seasonal amplitude, k is the thermal diffusivity of snow which depends on the thermal conductivity Ks, density, and specific heat capacity γ. The values of T m , T a , ω and Φ were computed by fitting the temperatures recorded from the beginning of 1984 to the end of 1995 at DOME C by an Automatic Weather Station [11] .
Simulation results
For the Dome C region, temperature, density and mean grain size stratigraphic profiles were modelled by means of semi-empirical formulas obtained by examining ice cores from DOME C and from modelling relationships of the polar ice. Once fixed surface parameters, such as grain radius and temperature, the inputs for each single layer in the electromagnetic model were obtained trough semiempirical formulas obtained from the glaciological model.
In order, to test the validity of MIMESI-MC, simulated brightness temperatures at 37, 19, 10 and 6 GHz were compared with those acquired over the DOME C by SMMR from 1979 to 1987 and by SSMI from 1988 to 2000. Input parameters employed to run simulations were the surface temperature and the correlation length, along with the number of layers and the thickness of each single layer. The comparison of the annual average trend of measured and simulated brightness temperatures showed good agreement. In the case of V polarization the agreement was better than the one regarding the H polarization. A reason for this discrepancy can be the assumption of spherical ice particles, which is in contrast with the real shape of the measured particle, being the latter flattened along the horizontal plane [7, 9] , with the flattening increasing with depth. Figure 1 shows the behaviour of 37 and 10 GHz simulated and measured brightness temperatures (V polarization) as a function of the day of the year. Experimental data were obtained by fitting SMMR and SSMI measurements collected over more than ten years.
In order to evaluate the effects of ice layering, a sensitivity analysis of the model was also performed: Figure 2 and Figure 3 show, respectively, simulated brightness temperature (H pol.) and the horizontal reflectivity As already said it is particular interesting to investigate the behaviour of low frequency emission, either because it presumably gives information on deep ice layers or because it can be used as reference for L-band satellite radiometers such as SMOS. Figure 4 shows the DOME C L-band simulated brightness temperature as a function of observation angle and Figure 5 shows the annual trend of the same quantity. As expected the variations along the year of the L-band brightness temperature are very small, confirming the hypothesis of high stability of the DOME C snow-pack.
Conclusions
In this study a multi-layer electromagnetic model was employed together with a glaciological model to simulate microwave radiometric responses of the DOME C, in Antarctica. A comparison between simulated and space-borne measured brightness temperatures pointed out some discrepancies at H polarization, whereas for the V polarization did not. This could be due to the approximation assumed for the particle shape. Indeed, the latter was assumed spherical, whereas the real shape was close to a disk. In addition, in the model the boundaries between different layers are assumed to be flat and this can be also among the causes of the observed discrepancies. The temporal trend of brightness temperature was simulated by fitting the surface temperature with a sinusoidal function. It has been shown that the model was able to reproduce quite well the measured annual variation. In particular, the very small variation (< 0.1K) of L-band emission during the yearly cycle confirmed that the contribution to the low frequency microwave emission mostly comes from the deeper layers of ice, where temporal changes of temperature and permittivity are very small. Figure 4 . DOME C L-band simulated brightness temperature as a function of observation angle Figure 5 . Annual simulated trend of L band brightness temperature at DOME C.
